Background: Tissue factor (TF) serves as the primary initiator of the extrinsic pathway of blood coagulation and mediates signaling via the protease activated receptor-2 (PAR2). TF is over-expressed in several tumor types and may facilitate tumor progression and angiogenesis. To test the hypothesis that inhibition of TF may have an anti-tumor effect, we induced pulmonary adenomas (PA) in human TF knock in (huTF-KI) mice with urethane and studied the relationship between expression of TF and mutations in K-ras with tumor progression and the effect of a monoclonal anti-TF antibody on growth of a transplantable lymphoma.
Introduction
Tissue factor (TF, also known as thromboplastin, CD142 and coagulation factor III) is a 47 kDa single chain, 263 amino acid membrane glycoprotein that binds coagulation factors X and VIIa and thereby initiates the extrinsic pathway of the coagulation cascade [1, 2] . In addition to its role in coagulation, the TF-VIIA complex has also been shown to signal via activation of the protease activated receptor 2 (PAR2) [3] which induces an array of angiogenic regulators and cytokines [4, 5] .
TF is believed to play a role in tumor progression and the angiogenic switch [6] [7] [8] [9] [10] . The angiogenic switch, a term originally coined by Naumov et al. [11] , describes the recruitment of newly formed blood vessels during the progression of cancer to sustain the tumor's nutrient supply. It is believed that many proangiogenic events cause the angiogenic switch to occur, including endothelial cell division or proliferation of local endothelial cells and the mobilization and recruitment of bone marrow-derived endothelial progenitor cells (EPCS) [12, 13] . Morishita et al. [14] have demonstrated that the angiogenic switch occurs in normal alveolar capillary endothelium during progression of lung adenocarcinoma. Signaling via PAR2 has been shown to make an important contribution to the ability of TF to mediate the angiogenic switch [15] .
TF is over-expressed on a number of tumor types, including prostate, breast, pancreas and non-small cell lung [6, 7, 16, 17] . A number of mechanisms are believed to play a role in over-expression of TF by tumor cells. These include inactivation of p53, AKT activation/ PTEN inactivation, activation of EGFR and mutations of K-ras [9, 18] . In particular, mutation of K-ras is thought to play a critical role in carcinogenesis as indicated by the high frequency of mutations identified in rodent and human cancers, including those of the lung [19, 20] . Mutation of K-ras is often seen at the transition of carcinoma in situ-invasive carcinoma to adjacent adenocarcinomas [21] . The K-ras protein is 189 amino acids in length. Codon 61 (CAA), located in Exon 2 of the K-ras gene, encodes for glutamine at amino acid 183 and is considered to be the wild-type residue. CGA and CTA, coding for Arginine and Leucine, respectively, are common mutations that occur at codon 61 [21] . According to the secondary structure, there is a turn located at AA 183-184. It is believed that a point mutation at either of these positions may result in a change in secondary structure resulting in increased enzymatic activity of K-ras [21] .
Targeting of TF with anti-TF antibodies as an antitumor therapy has been postulated previously. For example, inhibition of tumor growth and metastases in a human breast cancer xenograft model by CNTO 859 has been reported [22] . However, in human xenograft models, an anti-huTF mAb targets only the tumor cells and not the murine TF that would be expressed by the tumor stroma. As the tumor stroma is a critical factor in the tumor microenvironment, failure to target the tumor stroma could limit the value of xenograft experiments. Recently, we have described a strain of mice that are knocked-in for human TF (huTF-KI) [23, 24] . In these mice, expression levels of huTF are similar to that of murine TF in wild-type mice. High levels of TF are expressed in the brain, heart and uterus, with lower levels expressed in the lung, kidney, ovary and small intestine. At the microscopic level, expression of huTF is principally associated with the microvasculature. HuTF is functionally active in these mice which have a normal life span and show no tendency for increased hemorrhage, fibrosis, or cardiac abnormality as described for other huTF-KI mice [25] .
In this report, experiments were designed to study the role of TF in progression of pulmonary adenomas induced by urethane and the association with mutations in K-ras with expression of TF in huTF-KI mice. In addition, the ability of an anti-human TF antibody to inhibit the growth of a transplantable urethane-induced lymphoma syngeneic in huTF-KI mice is reported.
Materials and Methods

Human TF Knock-In mice
HuTF-KI mice were generated by replacing the first two exons of the mouse TF (muTF) gene with the huTF complete coding sequence, thus placing it under the control of the endogenous muTF promoter at physiological levels, as described previously [23] . For our experiments, male huTF-KI mice (4 to 6 weeks of age) were bred at ACE Animals, Boyertown, PA and SCID/beige mice (4 to 6 weeks of age) were obtained from Charles River Laboratories, Wilmington, DE. The mice were grouping housed (six mice per cage) in filter top cages. Autoclaved food and water were available ad libitum and the room had a 12 hour light/dark cycle in the pathogen-free vivarium at Centocor, Radnor PA. The Institutional Animal Care and Use Committee (IACUC) at Centocor approved all procedures. The mice were quarantined for at least two weeks and were identified by ear tags. Cage cards labeled with the source, sex, number of animals, group number, treatment, study number and IACUC protocol number were affixed to the cages.
Animal care and euthanasia
The mice were observed once daily for overt signs of metastasis and clinical signs were recorded. At the termination of the study, or mice exhibiting severe clinical signs [e.g. lethargy, depressed state, impaired movement or suffering severe or chronic pain and distress] that could not be relieved, mice were euthanized by CO 2 asphyxiation at the discretion of animal facility personnel, in accordance with the guidelines established in Centocor's Animal Care and Use Policy Criteria for Euthanasia in Laboratory Animals.
Urethane tumor induction
Urethane (ethyl carbamate, Sigma, St. Louis, MO) was administered i.p. for 10 weeks to 50 male huTF-KI mice at a dose of 1gm/kg, dissolved in sterile 0.9% NaCl, as previously described [26] . On weeks 10, 16, 22 and 28, mice (10-12 mice/time point) were euthanized and their lungs were removed. The right lung tissue was collected, pooled and 1:4 lung tissue homogenate in PBS was produced for transplantation into SCID/Beige (10-12 mice/time point) recipient mice. The left lung was inflated with 10% neutral buffered formalin (NBF). The tissues were then processed for microscopic examination, embedded in paraffin, sectioned at 5 µm and stained with hematoxylin and eosin (H&E). The adjacent serial sections were used for immunohistochemical staining.
Lung homogenate transplantation
On weeks 10, 16, 22 and 28, lung homogenates from huTF-KI mice that received urethane (10-12 mice/time point) were prepared 1:4 in PBS and injected s.c. into SCID/beige recipient mice (10-12 mice/time point). The SCID/beige mice were monitored daily for signs of tumor growth at the site of injection or metastases for six weeks at each time point.
Immunohistochemical (IHC) staining
For morphometric analysis, on weeks 10, 16, 22 and 28, serial sections were stained for TF and vWF. For staining TF, sections were treated with heat-induced epitope retrieval (HIER) in antigen retrieval citra solution (BioGenex, San Ramon, CA) for approximately 13 minutes, incubated with peroxide block and Power Block TM , incubated overnight at 4°C with biotinylated anti-human TF monoclonal antibody (10 µg/mL) (American Diagnostica, Stanford, CT) in Common Antibody Diluent (BioGenex, San Ramon, CA) and finally for 20 minutes at room temperature (RT) with streptavidin-HRPconjugate (BioGenex).
To stain cells expressing vWF, sections were subjected to protease induced epitope retrieval (PIER) by incubating with proteinase K (Dako, Carpinteria, CA) for ten minutes at RT. Non-specific binding of proteins was blocked with normal goat serum. Sections were incubated with rabbit anti-vWF (4 µg/mL) (Millipore, Billerica, MA) for one hour at RT. Endogenous activity of peroxidase was quenched followed by amplification with biotinylated goat anti-rabbit IgG (H+L) (3 µg/ mL) (Vector Laboratories, Inc., Burlingame, CA) for thirty minutes. Both stains detected cells with peroxidase conjugated streptavidin, visualized by DAB and counterstained with Mayer's Hematoxylin. Negative controls were used by omission of the primary antibodies.
Immunofluorescent staining
For double staining of TF and vWF, sections were deparaffinized with EZ Dewax (BioGenex) and heat-induced epitope retrieval (HIER) was performed using Citra Solution (BioGenex). Sections were incubated in Peroxide Block (BioGenex) to quench endogenous activity, followed by non-specific binding of proteins with normal goat serum protein block (BioGenex) and Power Block TM (BioGenex). A cocktail of primary antibodies (biotinylated monoclonal anti-human TF (10 µg/ mL) (American Diagnostica) and polyclonal rabbit anti-human vWF (4 µg/mL) (Chemicon International, Temecula, CA) was made using Common Antibody Diluent (Biogenex) and sections were incubated overnight at 4°C. (Anti-human TF antibodies were biotinylated using a 'mouse on mouse' detection kit (BioGenex)). Sections were washed in PBS buffer and a cocktail of secondary streptavidin-horseradish peroxidase (HRP) conjugated goat anti-mouse IgG and Alexa Fluor 488 Tyramide (to detect sites of deposition of HRP) (Molecular Probes, Inc., Eugene, OR) and goat anti-rabbit IgG Alexa Fluor 568 F(ab')2 frag (Molecular Probes) antibody-fluorescent conjugates were added and incubated at RT for 20 minutes. Sections were washed in PBS buffer and cover slipped with mounting medium containing 4,6-diamidino-2-phenylindole (DAPI) dihydrochloride counterstain (Molecular Probes).
Imaging and morphometric analysis
A Nikon Eclipse E800 (Nikon Corporation, Melville, NY) microscope and an Evolution TM MP 5.0 camera (Media Cybernetics, Inc. Bethesda, MD) were used for imaging. Images were captured using Image-Pro Plus software version 5.1 (Media Cybernetics) and analyzed without enhancement. For morphometric analysis, all lesions from one stained section per animal were evaluated using a 10X objective. A Macro was written in Image-Pro Plus to perform all measurements consistently and the following measurements were made: total area of lesion, perimeter of areas stained for vWF and area stained for TF.
Laser capture micro-dissection (LCM)
A total of 17 lesions were collected from various timepoints. 8 µm sections of each specimen were cut on a microtome, mounted on Arcturus PEN Membrane Frame slides (Applied Biosystems, Carlsbad, CA) and stored at -80ºC until staining and laser capture were performed. Paraffin was extracted from all tissue sections; sections were rehydrated and stained with Arcturus HistoGene stain (Applied Biosystems) following the manufacturer's instructions. Slides were air dried for approximately 30 minutes at RT prior to laser capture. Lesions were located on the Arcturus Veritas Microdissection system (Applied Biosystems) and images acquired using 20X magnification. Lesions greater than 50,000 µm 2 were selected for capture. Following identification of each lesion, a Macro Cap (Applied Biosystems) was placed on the region of interest and each lesion was captured using the cut and capture mode, with one lesion captured per cap. Genomic DNA (gDNA) was isolated from each lesion using the QIAamp DNA Micro Kit (Qiagen, Valencia, CA), following the manufacturer's instructions. Isolated gDNA was stored at -20°C until analysis. DNA was isolated from kidney tissue as control.
Mutational analysis of K-ras exon 2, codon 61 of LCM samples
K-ras mutational analysis was performed by PCR amplifying exon 2 to detect the presence of mutations in codon 61. PCR amplifications were performed, in duplicate, using 5 ng of DNA template per reaction and TaKaRa Ex Taq polymerase (TaKaRa Bio, Inc., Madison, WI). 264 kb products that included codon 61 were obtained with primers muLC-8 and muLCM-10. The sequences of the primers to amplify K-ras gene fragment containing codon 61 were muLC-8: AATAAATGTAAGCTATCATTACTTCACATGC and muLCM-10: TCCAGACTGTGTTTCTCCCTTCTCAGGACTCC.
To perform mutational analysis, first, the PCR products were cleaned up (QIAquick PCR Purification Kit, Qiagen) and confirmed by agarose gel electrophoresis. Then, the PCR products were sequenced on the 3100 Genetic Analyzer (Applied Biosystems) using muLC-8 primer and BigDye Terminator v1.1, v3.1 (Applied Biosystems). The nucleotide sequences obtained were aligned with the known K-ras exon 2 fragment and the chromatographs were analyzed for the presence of specific mutations (Arg with CGA and Leu with CTA) at codon 61 for heterogeneous base calling.
Upon obtaining the nucleotide sequences of each PCR product, the sequences were analyzed for CAA (Gln, considered to be the wild-type codon), CGA (Arg) or CTA (Leu) at codon 61. The major base pair calling was determined by the ABI DNA sequence software. However, the minor base pair calling (minor peak within a major peak) to determine the possibility of mixed codons was assessed by visually examining the chromatograph peaks as well as by the actual trace values under each peak. The "bleed-through" effect of the first base into the second base in codon 61 was unlikely since A, G or T was not the preceding nucleotide. Additionally, to support mixed codon evaluation, cautionary measures were taken when designing primers for PCR amplification and subsequent sequencing so that the codon 61 would be situated in the middle of the amplified region rather than closer to the beginning. Precisely, codon 61 is located 134 bp away from the initiation point of sequence amplification with primer mLC-8, the region where the scanning intensity is typically robust and clean.
Transplantation and treatment of urethane-induced lymphoma in HuTF-KI mice with anti-TF antibody
In a separate study, the effects of CNTO 2559, a human/mouse chimeric IgG1 anti-tissue factor antibody, derived from 10H10 a murine ant-human TF antibody [27] , on the transplantable, urethaneinduced lymphoma in male huTF-KI mice were studied. The ULA/01/00 cell line was adapted for culture from lymphoma induced by urethane and serially transplanted in male huTF-KI mice. Cells were sterile and mycoplasma-free and grown in Alpha MEM supplemented with 10% fetal bovine serum. ULA tumor cells (5 x 10 5 cells in 50 µL) were implanted subcutaneously (s.c.) into the fat of the pectoral region of huTF-KI mice (12 mice/group). Four hours after pectoral tumor cell implantation, the mice received twice weekly i.p. administration of CNTO 2559 at a dose of 20 mg/kg (12 mice/group). PBS control groups were included in the study (12 mice/group).
Primary tumor volume
Tumors were measured by caliper (width and length) twice weekly (Absolute Solar Digimatic Caliper, Mitutoyo Corporation, Aurora, IL) until Day 15 (12 mice/group). Measurements were taken by the same study coordinator to maintain consistency. Tumor volume was calculated based on formula V= (LxWxW/2).
Data analysis and statistics
All data generated from Image-Pro was exported to Microsoft Excel software (Microsoft Corporation, Redmond, WA). Microsoft Excel and GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA) were used to analyze and graph the raw data. P-values less than 0.05 were considered significant.
Results
Urethane induced pulmonary adenomas in HuTF-KI mice
Histopathologic examination of H&E sections from the left lung at 10, 16, 22 and 28 weeks showed urethane-induced pulmonary lesions that ranged in size from 2 x 10 5 µm 2 to 12 x 10 5 µm 2 . Lesions were not observed in the lungs of the control mice that did not receive urethane. As shown in Figure 1 , the lesions increased in number and size as a function of time. Subcutaneous transplantation of homogenates from the right lung tissue from these mice into SCID/Beige recipients did not result in a transplantable lung adenocarcinoma, suggesting that the lesions had not progressed to carcinoma. However, a lymphoma that transplanted in huTF-KI mice was obtained. The obtained lymphoma was cultured and subsequently used for tumor studies with an anti-TF antibody.
Immunohistochemical (IHC) staining and morphometric analysis for TF and vWF
To enable further detailed morphometric analysis of staining for TF and vWF, serial sections stained for 72 individual lesions were analyzed. The results of representative samples of IHC staining for TF and vWF are shown in Figure 2A - Figure 2H . As shown in Figure 3A , all lesions stained for TF and the total area stained for TF increased with lesion size (Spearman coefficient of correlation = 0.780, P < 0.001). In areas of normal lung, alveolar capillaries and macrophages were stained for TF while bronchiolar epithelial cells (BECS) showed little staining. Staining of the neoplastic lesions was heterogeneous; some lesions stained stronger than others and, within single lesions, the staining of individual cells was variable. As shown in Figure 3B Week 10
Week 16
Week 22
Week 28 TF vWF 0.651, P < 0.001). However, two populations of lesions were apparent, suggesting that the angiogenic switch occurred in some lesions when they reached approximately 3 x 10 5 µm 2 in sectional area (or assuming a spherical shape, approximately 1 mm in diameter). vWF staining was relatively low in some of the smaller lesions and was 2-3 fold higher in larger lesions, thus suggesting that the angiogenic switch occurred as the lesions progressed.
Urethane-Induced lesions triple-stained immunofluorescently (IF) for vWF (Alexa 568), TF (Tyramide-Alexa 488) and DNA (DAPI)
As shown in Figure 4A - Figure 4C , in sections triple-stained immunofluorescently (IF) for vWF (Alexa 568), TF (tyramide-Alexa 488) and DNA (DAPI), the vascular structures stained for vWF. Pre-existing pulmonary vessels were observed outside of the lesion, whereas developing microvessels were noted within the lesion. In some areas, the vWF staining pattern suggested that the pre-existing vessels may have formed extensions as tumor microvessels. TF was expressed by normal lung tissue, including alveolar capillaries, while bronchiolar epithelial cells (BECS) showed only weak staining for TF. Staining for TF was stronger within the lesions and the strongest staining for TF was co-localized with vWF ( Figure 4C ).
Mutations by analysis of K-ras exon 2, codon 61 in urethaneinduced lesions
Nucleotide sequence analysis of codon 61 is shown in Figure  5A - Figure 5C . K-ras exon 2, codon 61 CGA and CTA mutations were present in 12/17 (70%) of the urethane-induced lesions analyzed and was associated with the largest lesion sizes in this study. The remaining five lesions contained the wild-type K-ras allele. K-ras mutation also correlated with increased TF expression and increased vascularity ( Figure 6A-Figure 6C ).
Urethane-induced lymphoma triple-stained immunofluorescently (IF) for vWF (Alexa 568), TF (Tyramide-Alexa 488) and DNA (DAPI)
As shown in Figure 7A-Figure 7C , blood vessels and areas of angiogenesis were found in urethane-induced lymphoma tumors at Day 15. TF was found on the outside of the lesion, where it is normally expressed in the tumor stroma and newly formed blood vessels, but it was not found inside the lymphoma lesions, which lacks tumor stroma and tumor endothelial cells. TF and vascularity were colocalized in tumor stroma. The presence of blood vessels and angiogenesis indicate that anti-TF antibody could be of therapeutic benefit in decreasing angiogenesis and TF cell signaling in progressing lymphoma tumor microenvironment.
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Suppression of primary tumor growth with anti-TF antibody treatment of transplanted urethane-induced lymphoma
To determine if there was a difference in primary tumor growth, the volume of primary tumors was measured throughout the study from Day 1 to Day 15 (12 mice/group). The final median tumor volume for each group is shown in Figure 8 (see supplementary data). Primary tumor volumes at Days 11 and 15 were statistically greater than control, Wilcoxon Signed Rank Test (P<0.05), indicating that the primary tumor volume of huTF-KI mice injected s.c. with urethaneinduced lymphoma cells increases over time without anti-TF antibody treatment. In contrast, treatment of the lesions with anti-TF antibody resulted in suppression of primary tumor growth.
Discussion
This study has shown that expression of TF and tumor size increased together during progression of pulmonary adenomas, expression of TF by tumor cells was highest in regions of active angiogenesis and tumor microvessels expressed high levels of TF. Furthermore, mutations in K-ras mutation correlated with expression of TF and vWF and the angiogenic switch. In transplanted lymphomas, TF and vWF were co-localized within the tumor stroma and treatment of the mice with an anti-TF mAb suppressed tumor growth. In this study, urethane was used to induce lung lesions that progressed in size over time. Originally described over 50 years ago [26] , urethane-induced pulmonary adenomas have been tested extensively to understand murine lung carcinogenesis and the molecular events in developing tumors [28] . The interaction of two electrophillic metabolites of urethane, vinyl carbamate and an epoxy derivative, with DNA to form 7-(2-oxoethyl) guanine adducts has been suggested to be responsible for its genotoxicity and carcinogenicity [29] .
Tissue Factor (TF) is the primary initiator of blood coagulation by the extrinsic pathway [1] . It has been shown to be abundant in the brain, lung and placenta and has been demonstrated in extravascular cells of many tissues including bronchial epithelia, mucosal epithelia and the adventitia of blood vessels [30, 31] . TF expression has been previously observed in a variety of tumors, including prostate [16] , breast [17] , pancreatic [6] and lung [7] . Consistent with these previous findings, we observed TF expression in normal lung tissue, including alveolar macrophages and bronchial epithelia and within the neoplastic lesions in the urethane-induced lung tumors where we observed a correlation between TF expression and lesion size, suggesting that increased TF expression is associated with lesion progression.
In normal cells, expression of TF is believed to be controlled by a variety of transcription factors expressed by differentiated cells [32] . In inflammation, expression of TF is activated by an endothelial cell response, leading to an increased prothrombotic state, an increase in cell adhesion molecules and the down-regulation of fibrinolytic activity to stabilize fibrin deposition in the inflamed tissue [33] . TF expression may also be regulated by the inflammatory cytokines TNF-α and IL-1β, or by bacterial lipopolysaccharide (LPS) [32] . In our study, expression of TF by tumor cells was not uniform and there was heterogeneous expression of TF. This has been described previously across different tumors from the same tissue of origin and also within individual tumors [34] . It is likely that tumors are intrinsically heterogeneous. This has been demonstrated in a colorectal carcinoma model, where distinct subpopulations of cells expressing high and low levels of TF could be identified within the same lesion [9] . In this same study, when the populations were isolated, the cells expressing high levels of TF grew aggressively and contained mutant K-ras allele, while the cells expressing low levels of TF were poorly tumorigenic and expressed the wild type K-ras allele.
In tumors, oncogenic events in cancer cells (e.g., expression of mutant K-ras, EGFR, PTEN or p53) have been shown to lead to an increase in expression of TF [18] . The most common mutation in lung cancer is in K-ras codon 12, being found in 15-30% of all lung cancers [35] . Several researchers have shown that urethane causes point mutations in codons 12, 13 and 61 in the K-ras gene. At codon 61, either AT to TA transversion or AT to GC transition occur and mutations in codon 61 have been found in urethane-induced lung carcinomas in A/J mice [36] . This mutation is linked to early stages of tumorigenesis and can be detected as early as 14 days after urethane treatment [37] . CGA was the mutation associated with the largest lesions in this study. It is possible that this mutation results in a greater disruption of secondary structure and leads to more significant disruption of normal K-ras activation and signaling than the CTA mutation.
Conclusions
In conclusion, the data presented here suggest that TF may play an important role in pulmonary oncogenesis and in driving the angiogenic switch. They also suggest that anti-TF antibodies may have a role in tumor immunotherapy, either as monotherapy or in combination with cytoreductive therapy.
